the three-dimensional structure of Rev, no satisfactory
model has yet emerged that explains how Rev multimers multimerization along the RRE, we devised a rapid and broadly applicable genetic strategy for examining how assemble cooperatively along the RRE.
In this report, we describe two complementary strate-RNA-BPs assemble cooperatively on RNA. This method was adapted from one we had developed previously gies for rapidly isolating Rev mutants defective in the protein-protein interactions that mediate cooperative to study RNA-protein interactions (Jain and Belasco, 1996). In that earlier method, the RNA target of a known assembly on the RRE. Both strategies were used to screen a library of random Rev mutants, and each RNA-BP is inserted immediately upstream of the ribomethod identified the same two regions of Rev as being some binding site (RBS) of a reporter mRNA in Eschecritical for protein-protein interactions. In this manner, richia coli. When expressed in the same cells, the we have identified nine aliphatic protein residues that RNA-BP represses translation of the reporter mRNA by are important for different steps in multimeric Rev asbinding to its target and sterically hindering ribosome sembly on the RRE. The insights acquired from an exambinding to the RBS (Figure 2A ). ination of the assembly phenotypes of these mutants
The reporter mRNA of the existing system was modihave enabled us to derive a structural model for Rev fied in two ways to allow the cooperative assembly of multimerization.
RNA-BPs on RNA to be investigated ( Figure 2B ). First, a second binding site for the same RNA-BP was inserted Results upstream of the RBS-proximal protein binding site. The upstream RNA-BP binding site was situated far enough from the RBS so that an RNA-BP molecule bound to Genetic Screen for Rev Mutants Defective in Protein-Protein Interactions this site alone should have no effect on the ability of ribosomes to initiate translation. In addition, the RBSTo make it easier to identify amino acid residues important for the protein-protein contacts that facilitate Rev proximal protein binding site was mutated so as to re- In each case, the degree of translational repression of the reporter (the repression ratio) was calculated by dividing the ␤-galactosidase activity in cells containing the control plasmid by the ␤-galactosidase activity in cells containing a Rev plasmid. Only wild-type Rev in combination with the dual site reporter gave a repression ratio significantly Ͼ1, indicating cooperative occupancy of the Rev binding site proximal to the S/D element. The inability of the multimerization-defective Rev-M4 and Rev-M7 mutants to repress translation of the pLACZ-IIB DUAL reporter mRNA cannot be attributed to a defect in intrinsic RNA binding affinity or to insufficient accumulation of these proteins in the cytoplasm, as these mutants are able to repress expression of a reporter mRNA containing a single wild-type copy of stem-loop IIB (data not shown). duce its intrinsic affinity for the RNA-BP significantly.
porter plasmids were then subjected to additional tests to confirm their suitability for studying protein-protein On its own, the RBS-proximal site would remain largely unoccupied by the RNA-BP as a consequence of this interactions. One such plasmid (pLACZ-IIB DUAL ) was introduced into the lacZ Ϫ E. coli strain WM1 along with mutation. However, cooperative protein-protein interactions with an RNA-BP molecule bound to the upstream either pREV1 or a negative control plasmid (pACYC184) so that the extent of Rev-mediated translational repressite could assist binding of a second RNA-BP molecule to the mutated site near the RBS, resulting in a steric sion could be quantified by comparing cellular ␤-galactosidase activity in each of the resulting strains (Figure impediment to ribosome binding and an inhibition of translation. Thus, in this modified system, expression 2C). The ratio of ␤-galactosidase activity under nonrepressing versus repressed conditions (the repression of the reporter mRNA should be sensitive to cooperative binding interactions between RNA-BP molecules. ratio, R) was determined to be 11, far greater than the repression ratio of To corroborate this conclusion, we examined the re- (Table 1) . With the exception of Leu-13 (the site of a from these blue transformants were then introduced into proline substitution), each of the residues implicated in WM1 cells containing pLACZ-IIB, which encodes a reRev multimerization by the biochemical screening proporter mRNA whose translation is controlled by a single cedure was one that had been identified in our genetic wild-type copy of stem-loop IIB (Figure 2A ). In this secscreen. ond round of screening, transformants that grew as pale blue or white colonies on X-gal plates (indicating substantial translational repression of the one-site reporter)
Analysis of Purified Rev Variants were retained. The phenotype of the Rev mutants that
To confirm the importance of these Rev residues for remained after these two screening procedures was protein-protein interactions, one amino acid substituconfirmed by retransforming the corresponding plastion at each sensitive position identified in the screens mids into the two reporter strains and performing for multimerization-defective mutants (V16D, L18Q, ␤-galactosidase assays to compare their repression ra-I19T, L22H, R48S, R50H, I52S, I55N, I59T, L60R) was tios to those of wild-type Rev.
chosen to be incorporated separately into a hexahistiRev-encoding plasmids specifically defective in redine-tagged form of Rev. Out of concern that the leupressing the pLACZ-IIB DUAL reporter were sequenced to cine-to-proline change at position 13 ( The dissociation constants for formation of monomeric, dimeric, and trimeric Rev-RRE complexes (K 1 , K 2 , and K 3 , respectively) were calculated for each Rev variant using the equation
is the ratio of band intensities for RRE RNA bound by Rev (n Ϫ 1)-mers and Rev n-mers. Each reported K n value was determined by interpolating between data collected at protein concentrations just above and below K n and then averaging the results from multiple experiments involving at least two independent protein preparations. Only the dissociation constants of Rev variants in which a hydrophobic protein residue was replaced with a hydrophilic amino acid are listed. Certain Rev variants (V16D, L60R) had such a strong tendency to assemble on the RRE as dimers that meaningful K 1 and K 2 values were difficult to calculate due to the low abundance of the monomeric complex at all protein concentrations ( Figure 3A) . As a measure of the propensity of these variants to dimerize on the RRE, we instead determined the protein concentration (K 1,2 ϭ √K 1 K 2 ) at which the dimeric complex and free RRE RNA were equal in abundance. Abbreviation: ND, not determined.
variation there is at these positions almost always incomplexes formed by each of the Rev mutants as a volves the conservative substitution of another hyfunction of protein concentration ( Figure 3A) , we deterdrophobic amino acid residue, such as leucine, isoleumined the effect of each mutation on the dissociation cine, or valine (Kuiken et al., 1999). In addition, two constants (K 1 , K 2 , K 3 ) for the assembly of Rev monomers, of the mutations that impair formation of higher-order dimers, and trimers on RRE RNA (where K n corresponds multimers (R48S and R50H) affect arginine residues near to the protein concentration at which the concentration the carboxyl end of the Rev RNA binding domain. This of RRE RNA bound by Rev n-mers and Rev [n-1]-mers finding raises the possibility that mutating either of these is equal) ( Table 2 ). These data allowed the various Rev two arginine residues may interfere with multimeric asmutants to be categorized on the basis of their sembly not by disrupting protein-protein interactions multimeric assembly phenotypes. but rather by selectively impairing RNA-protein interacClass 1 Mutants tions at secondary binding sites within the RRE without Rev variants bearing a substitution at position 18 or 55 significantly affecting high-affinity binding to stem-loop were found to bind as a monomer to RRE RNA with a IIB. As our studies were primarily directed toward underdissociation constant (K 1 ) similar to or smaller than that standing the nature of protein-protein interactions that of wild-type Rev, but to require a much higher protein mediate Rev oligomerization on the RRE, the R48S and concentration to bind as a dimer (K 2 /K 1 Ͼ 30, versus 3 for R50H mutants were not analyzed further.
wild-type Rev). These variants defective in progressing from monomeric to dimeric complexes are denoted as class 1 variants. The poor ability of the class 1 mutants Classification of Rev Multimerization Mutants to dimerize on the RRE results in a corresponding inIn view of the variation in electrophoretic mobility obcrease in the protein concentration required to achieve served for the protein-RNA complexes formed by sevhigher states of multimerization. eral of the Rev mutants, it was important to confirm Class 2 Mutants the stoichiometry of the various Rev-RRE complexes Three variants bearing a substitution at position 12, 16, observed in the gel retardation experiments. The dimeric or 60 bind as a dimer to RRE RNA as readily as wildstate of Rev in gel-shifted bands thought to contain type Rev does, but require a much greater protein contwo molecules of the protein bound to the RRE was centration to bind as a trimer. Their propensity to assemconfirmed in mixing experiments in which various Rev ble on the RRE as dimers is evident from the dissociation mutants were found to form a single heterodimeric comconstant K 1,2 , which corresponds to the protein concenplex when combined with radiolabeled RRE RNA and tration at which the concentration of RRE RNA bound an extended form of Rev-V16D bearing 15 additional by Rev dimers equals the concentration of free RRE amino acids near its carboxyl terminus ( Figure 3B ; data RNA. For each of the three mutants, the value of K 1,2 is not shown). The identification of the dimeric complexes approximately equal to that found for wild-type Rev then made it straightforward to assign the bands corre-(K 1,2 ϭ 36-74 nM, versus 65 nM for wild-type Rev), indisponding to monomeric and trimeric complexes. The cating that these mutants display little or no defect in use of an extended form of a multimerization-defective forming dimeric complexes with the RRE. In contrast, variant rather than wild-type Rev in these experiments these three Rev variants all have difficulty assembling also allowed certain models for Rev assembly on the on the RRE as trimeric complexes (K 3 /K 3 wild type Ͼ 20). RRE to be tested (see below).
By quantitating the relative abundance of the various These variants specifically defective in progressing from readily form dimers and are instead defective in forming higher-order multimers. The observed dimeric assembly phenotype of the Rev class 2 mutants is more readily accommodated by a model in which Rev assembles cooperatively as a multimer on RRE RNA via a series of symmetrical tailto-tail and head-to-head protein-protein interactions, as illustrated in Figure 4B . Assuming that the nucleating molecule of Rev bound to RRE stem-loop IIB is oriented so as to present only its tail surface for interaction with the next molecule of Rev that binds the RRE, mutations that disrupt the tail surface would be expected to impair dimeric protein assembly. Rev mutants L18Q and I55N (class 1 mutants) exhibit such an assembly phenotype. phatic side chains. Multimeric assembly by each of We will refer to these two hypothetical surfaces of Rev these Rev mutants is indistinguishable from that of wildas the head and the tail. The simplest manner in which type Rev (data not shown). Moreover, in either of these Rev could be imagined to assemble cooperatively as a contexts, or in the context of a combined Rev⌬97-116/ multimer on RRE RNA would be via a series of asymmet-S5 mutant lacking both hydrophobic regions, the class rical head-to-tail protein-protein interactions, as illus-2 Rev mutants retain their proficiency for binding the trated in Figure 4A . Such a model would predict that all RRE as a dimer (data not shown). In combination with Rev mutants impaired for multimeric assembly should the results of our genetic and biochemical screens of be defective in dimer formation no matter which of the randomly mutated Rev variants, these findings indicate two surfaces is altered by the mutation. However, this that the Rev surfaces formed by residues 12-22 and model is inconsistent with the observed phenotype of 52-60 are the only hydrophobic surfaces of the protein that contribute to Rev multimerization. the Rev class 2 mutants L12S, V16D, and L60R, which The inability of Rev tail mutants (class 1) to homodisegregated in just one of these regions, being instead dispersed through both. This finding implies that these merize on the RRE and the ease with which head mutwo regions of Rev (residues 12-22 and 52-60) must tants (class 2) do so are strong evidence against alternasomehow join to create two composite protein surfaces tive models in which conformational flexibility allows the (tail and head) for interaction with other Rev molecules. first Rev molecule bound to stem-loop IIB to initiate Mutations in any of the four remaining aliphatic resimultimerization using either of two surfaces (tail or dues implicated in our studies (Ile-19, Leu-22, Ile-52, or head). The conclusion that the head surface does not Ile-59) reduce the affinity of Rev monomers for RRE contribute to dimerization is supported by additional stem-loop IIB even though they lie outside the RNA experiments confirming that all of the class 2 mutants binding domain of Rev (class 3 mutations). The imporbehave as a single phenotypic group proficient for dimer tance of these four residues for the RNA binding affinity formation. Thus, various pairwise mixtures of class 2 of monomeric Rev suggests that they may play a role single mutants are all able to assemble on the RRE in maintaining the structural integrity of the protein by as a heterodimer ( Figure 3B) nents of a pair of ␣ helices comprising residues 9-24 and so on ( Figure 4B ). According to this model, the class and 34-62. The second of these Rev ␣ helices also 1 mutants L18Q and I55N identify Leu-18 and Ile-55 as contains the arginine-rich RNA binding domain (residues the key residues of the tail surface, and the various class 34-50). We propose that the two Rev ␣ helices contact 2 mutants (L12S, V16D, and L60R) identify Leu-12, Valeach other over a limited region to form a short antiparal-16, and Leu-60 as important residues of the head lel coiled coil with an intramolecular interface defined surface.
by Ile-19/Leu-22 and Ile-52/Ile-59. Aligning the Rev ␣ helices in such a manner brings the protein residues Discussion that define the tail surface (Leu-18 and Ile-55) into close proximity on one external face of the coiled coil and the We have developed two broadly applicable screening protein residues that define the head surface (Leu-12, strategies for investigating the cooperative assembly of Val-16, and Leu-60) into close proximity on the opposite Rev multimers on RRE RNA. Using these strategies, we external face ( Figure 5A ). Only a helical alignment that have identified several amino acid residues in Rev that is antiparallel would allow the three groups of protein mediate its multimeric assembly. These residues map residues defined by the class 1, class 2, and class 3 to either of two regions surrounding the arginine-rich assembly mutations to form the distinct clusters needed RNA binding domain of Rev. Almost all of the Rev mutato account for their respective roles in multimeric Rev tions that impair multimeric assembly replace an aliassembly. phatic side chain with a polar or charged side chain, Using the structural constraints suggested by our data suggesting that the interactions between Rev molecules and the resulting two-dimensional projection model, we are predominantly hydrophobic in nature. In vitro RRE modeled the structure of a Rev monomer in three dimenbinding studies with these Rev variants show that many sions. This was achieved by first modeling the intraof the mutations impair distinct steps in multimeric asmolecular interaction of the Rev ␣ helices shown in Figure  sembly et al., 1996) . The modifications in this RNA are at its hairpin loop end, which is not contacted by Rev. For the sake of clarity, the only Rev side chains depicted are those of the head and tail residues, and the phosphodiester backbone of the RNA is drawn as a ribbon. (F and G) Rev trimer bound to RRE stem-loop IIB. The nucleating molecule of Rev and stem-loop IIB are drawn as in Figure 5E . In the multimerization model that is depicted, the second Rev molecule to bind the RRE contacts the first via a rotationally symmetrical tail-to-tail interaction involving residues Leu-18 and Ile-55 (red side chains; interhelical crossing angle of Ϫ85Њ), and the third Rev molecule contacts the second via a symmetrical head-to-head interaction involving residues Leu-12, Val-16, and Leu-60 (blue side chains; interhelical crossing angle of ϩ85Њ). Crossing angles that deviate from these values by more than 40Њ would make it difficult for the RNA binding helices of the second and third Rev molecules to interact productively with the RRE. In the resulting Rev multimer, whose dimeric repeat distance is roughly 23 Å , the alternating alignment of arginine-rich RNA binding domains (violet ribbons) creates a positively charged groove to which the RRE can bind. ., 1996) . Finally, the two Rev helices (resithe arginine-rich RNA binding domains of such a Rev multimer would be expected to form a positively charged dues 9-24 and 34-62) were joined by a loop of undefined conformation comprising residues 25-33, a protein seggroove in which the negatively charged phosphodiester backbone of the RRE can fit. This mode of assembly is ment rich in proline residues. In the resulting three-dimensional model for a Rev monomer (Figures 5B-5D) , as in made possible by the tail-to-tail/head-to-head mechanism of Rev multimerization and would be precluded the two-dimensional projection model (Figure 5A) , the tail and head residues form discrete clusters on opposite by a head-to-tail multimerization mechanism. Together with the results of our mutational analysis, this model sides of the coiled coil.
It was then a simple matter to dock RRE stem-loop suggests that the multimeric assembly of Rev on the RRE is driven energetically by a combination of hy-IIB with precision to the Rev monomer by using the atomic coordinates previously determined for the comdrophobic protein-protein interactions and electrostatic RNA-protein interactions. plex of this stem-loop and the arginine-rich Rev oligopeptide ( Figure 5E) (Battiste et al., 1996) . These coordiOur model for Rev assembly differs significantly from an earlier, less complete proposal that suggested a sinnates define the exact position of stem-loop IIB in relation to this ␣ helix. Modeling Rev residues 34-62 gle multimerization interface comprising residues Leu-22, Ile-59, and Leu-60 ( (Figures 5F and 5G) . may require cooperative binding by additional Rev molecules in order to bridge the RNA segment between the An attractive feature of this model is that it suggests how a Rev multimer may assemble on the full-length two Rev molecules bound to the dual copies of stemloop IIB. Because assembly of such a multimer would RRE, which is thought to comprise an imperfect RNA double helix extending from stem-loop IIB ( Figure 1B) . require both an intact tail surface and an intact head surface, a defect in either surface would impair translaBy aligning themselves in a staggered array (Figure 5G) each containing 200-500 transformants, were screened for colony The lacZ reporter plasmid pLACZ-IIB, which contains a single color by comparison to control colonies containing pLACZ-IIB DUAL copy of RRE stem-loop IIB, has been described previously, as has and either pREV1 (pale blue colonies) or pACYC184 (dark blue coloa derivative (pLACZ-IIB SOLO ) that encodes an otherwise identical renies). Plasmid DNA was prepared from 200-300 mutants that formed porter transcript bearing an A71U point mutation in stem-loop IIB dark blue colonies, representing about 20% of the transformants, (Jain and Belasco, 1996). These pUC19 derivatives confer resistance and each of these DNA preparations was transformed individually to ampicillin. The Rev expression plasmid pREV1 is a pACYC184 into WM1 cells containing pLACZ-IIB (Jain and Belasco, 1996). The derivative that encodes wild-type Rev fused to a short amino-termicolony color of transformants containing each of the mutant Rev nal oligopeptide (MRGSIH) and that confers resistance to chloramplasmids was compared on X-gal plates with that of control colonies phenicol (Jain and Belasco, 1996). containing pLACZ-IIB and either pREV1 (pale blue colonies) or For overproduction of Rev in E. coli, the Rev gene of either pREV1, pACYC184 (dark blue colonies) to identify those with a color similar pREV1 bearing a specific Rev mutation, or a randomly mutagenized to that of wild-type pREV1. WM1 cells containing either pLACZpREV1-derived library (Jain and Belasco, 1996) was inserted as a IIB DUAL or pLACZ-IIB were transformed with the mutant Rev plasmids 0.7 kb NdeI-NcoI fragment between the corresponding sites of the from such pale blue transformants and assayed quantitatively for T7 expression vector pSG003 (Ghosh and Lowenstein, 1996). The ␤-galactosidase activity (Jain and Belasco, 2000). The Rev genes resulting T7-Rev plasmids directed the synthesis of amino-termiof mutant plasmids that conferred a loss of lacZ repression in the nally hexahistidine-tagged (MGHHHHHHSGDDDKH) forms of Rev context of the two-site reporter but that efficiently repressed lacZ under the control of a T7 promoter. Other amino acid substitutions expression from the one-site reporter were sequenced. were introduced into Rev at specific sites by oligonucleotide-directed mutagenesis (Kunkel et al., 1991) .
Preparation of Crude E. coli Extracts A randomly mutagenized T7-Rev plasmid library derived from Genetic Screening for Reporters Suitable for Assessing Ͼ10,000 independent transformants and encoding one to three Cooperative Interactions between Rev Molecules amino acid substitutions per Rev variant was transformed into To identify reporters with the characteristics needed to study coop-BL21(DE3)rna and plated on ampicillin plates. Individual transerative interactions between bound Rev molecules, a combinatorial formants (300) were picked and grown to saturation in liquid LB plasmid library of lacZ reporters was first generated encoding two medium supplemented with ampicillin. A sample (160 l) of each copies of RRE stem-loop IIB separated by 23 nucleotides, 15 of saturated culture was diluted into LB medium (8 ml) containing which were randomized. This reporter library was prepared by PCR ampicillin and 1 mM IPTG and grown at 37ЊC for 3 hr. The cells were amplification of a portion of pLACZ-IIB SOLO using primers (5Ј-TTGA pelleted by centrifugation, resuspended in 50 l lysis buffer (50 mM ATTCNNNNNNNNNNNNNNNGGTACCTGGGCGCAGTGT-3Ј and Tris-HCl [pH 8.0], 1 mM EDTA, 100 mM NaCl, 1 mM PMSF), and 5Ј-GACGACGACAGTATCGGCC-3Ј) complementary to the stemincubated on ice in microfuge tubes. Lysozyme (2.5 l of a 10 mg/ loop IIB and lacZ regions of the plasmid, respectively. The 0.5 kb ml solution) was added, and the cells were incubated on ice for an PCR product was digested with EcoRI and HindIII, and the resulting additional 2 hr. After microcentrifugation for 30 min at 4ЊC, each 0.3 kb fragment encoding a mutant copy of stem-loop IIB was supernatant was transferred to a new microfuge tube. A sample of inserted between the EcoRI and HindIII sites of a pLACZ-IIB variant each crude extract (0.5 g total protein, as determined by BCA containing a G48A mutation in stem-loop IIB and a point mutation assay (Stoscheck, 1990) ) was then examined by gel retardation anal-(GAAATC → GAATTC) that created a unique EcoRI site between ysis with radiolabeled RRE RNA. stem-loop IIB and the lacZ Shine/Dalgarno (S/D) element. In the resulting library, the copy of stem-loop IIB proximal to the S/D element contained a single nucleotide substitution that markedly Gel Shift Assays Hexahistidine-tagged Rev variants were overproduced in E. coli and reduced its intrinsic affinity for Rev (Jain and Belasco, 1996).
To screen for reporter mRNAs to which Rev bound cooperatively, purified by affinity chromatography, as described previously (Jain and Belasco, 1996). RRE RNA transcripts were prepared by in vitro the plasmid library was transformed into a lacZ Ϫ E. coli strain (WM1/FЈ) containing a plasmid (pREV1) from which expression of transcription of a PCR product derived from pDM128, an RRE-containing plasmid (Huang et al., 1991) . One of the two primers used Rev can be induced by isopropyl ␤-D-thiogalactoside (IPTG). Several hundred of the ampicillin-and chloramphenicol-resistant transfor PCR amplification (5Ј-TAATACGACTCACTATAGGTAGCACCCA CCAAGGCAA-3Ј and 5Ј-TAGCATTCCAAGGCACAG-3Ј) contained a formants were individually streaked in duplicate onto X-gal plates that contained or lacked IPTG (1 mM). In 1%-5% of these trans-T7 promoter. In vitro transcription of the PCR product with T7 RNA polymerase yielded a 187 nucleotide RRE derivative similar to one formants, lacZ expression was significantly repressed in the presence of IPTG, as judged from the reduced colony color. This phenopreviously shown to be sufficient to bind up to seven molecules of Rev (Henderson and Percipalle, 1997). The RNA transcript was type indicated a reporter mRNA subject to enhanced translational repression by Rev, presumably as a result of cooperative proteindephosphorylated using alkaline phosphatase, 5Ј end labeled with
